The emergence and maintenance of co-operation has attracted intensive scholarly interest and has been analysed within the framework of evolutionary game theory. The role of innovation, which introduces novel strategies into the population, is a relatively understudied aspect of evolutionary game theory. Here, we investigate the effects of two sources of innovation-mutation and heterogeneous updating rules. These mechanisms allow agents to adopt strategies that do not rely on the imitation of other individuals. The model introduces-in addition to canonical imitation-based strategy updating-aspiration-based updating, whereby agents switch their strategy by referring solely to the performance of their own strategy; mutation also introduces novel strategies into the population. Our simulation results show that the introduction of aspiration-based rules into a population of imitators leads to the deterioration of co-operation. In addition, mutation, in combination with heterogeneous updating rules, also diminishes co-operators, a phenomenon that is prominent when a large proportion of the population consists of imitators rather than adopters of aspiration-based updating. Notwithstanding this, a high mutation rate, in combination with a low aspiration level, has positive nonlinear effects, and a heterogeneous system achieves a higher level of co-operation relative to a homogeneous system. Our results demonstrate the profound role of innovation in the evolution of co-operation.
Introduction
A core problem in societies is the tension between individual selfishness and social efficiency. While mutual cooperation leads to the socially efficient outcomes, individuals are tempted to take advantage of others' co-operative efforts without bearing the cost of co-operation [1] . To understand the manner in which co-operation is maintained and the reason for its wide prevalence in societies despite this susceptibility to being taken advantage of, or 'free-riding', intensive research, adopting the framework of evolutionary game theory, has been widely conducted in the biological and social sciences [2, 3] . Statistical physicists have also extracted in-depth understanding of this topic through the application of their analytical and computational methods [4] [5] [6] [7] .
Network structure is a co-operation-enhancing mechanism that has attracted much attention. Here, instead of * Electronic address: hir.takesue@gmail.com interacting with randomly selected individuals, agents in the system interact with (fixed) neighbours in networks. Since Nowak and May's [8] seminal work showing that a lattice structure supports co-operation, several studies have examined the relationship between co-operation and many types of complex networks [9] [10] [11] . Many investigations have interrogated the role of network structure in combination with other mechanisms, including network evolution [12] [13] [14] [15] [16] ; punishment [17] [18] [19] [20] ; mobility [21, 22] ; the mixing of different games [23, 24] ; exclusion from social games [25] [26] [27] and environmental feedback [28, 29] .
Payoff-based copying of strategies is the basic component of evolutionary games. Many studies assume that agents compare their payoff (fitness) with that of their neighbour, copying that neighbour's strategy with higher probability if that neighbour achieves a higher payoff [30] . This rule may be understood as the model of genetic evolution or cultural evolution through social learning (imitation) [31] . This mechanism depends on other individuals as the copy model, and once a strategy becomes extinct, it will not reemerge in the population.
Here, we aim to examine the role of innovation in evolutionary processes, where innovation connotes the adoption of a strategy that does not rely on others as an information source. In particular, we investigate the combined effects of two sources of innovation: heterogeneous updating rules and mutation. We first address the updating rules that determine the manner in which agents modify their strategies. In addition to the widely adopted payoff-based copying of a neighbour's strategy [4] , many studies have examined the outcomes of other updating rules such as aspiration dynamics [32] [33] [34] [35] [36] ; Glauber dynamics [37] [38] [39] [40] [41] and conformity [42] [43] [44] [45] [46] .
Whether a rule is innovative or non-innovative is one important classification criterion of updating rules [40] . Agents who use innovative dynamics can adopt a strategy that does not exist in the current population; in contrast, agents who use a non-innovative rule can only adopt strategies that exist and have been adopted by other agents in the current population. Because agents cannot copy specific strategies that have not already been used by any other agents, the widely adopted payoff-based copying of strategy is a non-innovative rule. The aspiration dynamics that we adopt in this study are an example of innovative dynamics. Agents who rely on this rule tend to maintain the current strategy if the strategy brings them a larger payoff than their aspiration level; in contrast, agents who are dissatisfied with the performance of their current strategy may try other strategies without referring to the strategies of others.
The multiple candidates for strategy-updating rules motivate researchers to investigate the effect of heterogeneous rules. Research has shown that heterogeneous dynamics lead to different co-operation levels and complex patterns that are not observed in homogeneous systems. For instance, the co-existence of two different payoff-based copying rules may enhance co-operation [41] . In a wellmixed population, combination with an innovative rule can support co-operation among imitators [47] , whereas in structured population, it can deter co-operation [40, 48] . Here, we consider a model in which imitation dynamics and aspiration dynamics co-exist in the population.
Another source of innovation is mutation, in which individuals adopt one strategy randomly. Random modifications of traits may sometimes greatly alter the results of socio-physical models [49] . Studies of evolutionary games have shown the vulnerability of co-operation sustained by the payoff-based copying rule to the introduction of mutation [50, 51] . Despite the importance of the effect of mutation in evolutionary games [52] , this effect is understudied, particularly when the model includes innovative updating rules. A recent study has demonstrated the robustness of outcomes of evolutionary games against the network structure when agents adopt aspiration dynamics [53] . Robustness against mutation may also be an important factor in aiding our understanding of the applicability of updating rules.
Here, we examine the effects of the mutation rate and heterogeneous updating rules, and investigate the role of innovation in the prisoner's dilemma games. In the second and third sections, we explain the scrutinised model and explain the results of the Monte Carlo simulations, respectively. In the final section, we discuss the implication of our model and its possible future extension.
Model
We consider the social games played by agents located on the L × L square lattice with a periodic boundary condition. All agents have eight neighbours (Moore neighbourhood), with whom they participate in games. In examining the role of the extension of simple models, the adoption of the lattice structure is useful [6] . Heterogeneous networks, unlike regular networks, can affect evolutionary outcomes through not only the different numbers of games that agents participate in [9] but also the different numbers of opportunities to be referred as a role agent in the imitation process [54, 55] .
We adopted prisoner's dilemma games as a simple model representing the social dilemma. Agents have two strategies in this game: co-operation (C) and defection (D). Mutual co-operation achieves payoff R = 1, whereas mutual defection leads to payoff P = 0. If one agent chooses co-operation (defection) and their partner chooses defection (co-operation), they will gain S = 0 (T = b). In this case, the harshness of the social dilemma is controlled by one parameter-b (1 < b < 2) [8] .
Each round involves agents participating in the game with all of their neighbours and accumulating payoff. Agents update their strategy on the basis of their payoff. In this study, following the seminal article involving aspiration dynamics, we assume synchronous updating [32] . Imitation dynamics and aspiration dynamics are the two types of dynamics co-existing in the model. Throughout a simulation run, each agent keeps adopting one of these two rules. At the outset of simulation, L 2 p agents are assigned the aspiration-based rule, and the rest are assigned the imitation rule.
In strategy updating by imitation dynamics, the focal agent (i) chooses one of the neighbours randomly as a role agent (j). The accumulated payoffs of these two agents (Π i and Π j ) are compared, and the focal agent tends to imitate the role agent's strategy when the role agent earns a larger payoff. The imitation probability is determined by the following equation [30] :
where β is the intensity of the effect of payoff difference on the imitation probability (β → ∞ implies deterministic imitation, whereas β → 0 implies random adoption of the strategy).
Other agents update their strategy according to the aspiration-based rule. An agent who adopts the aspirationbased rule (i) compares their payoff with an exogenously set aspiration level (A). The focal agent is more likely to adopt another strategy when the current strategy does not realise a satisfying payoff. The probability of switching is calculated by the following equation [32] :
where k i (agents' degree) is set at 8 in this study. For the sake of simplicity, we utilised the same values of β for imitation dynamics and aspiration dynamics. The agents' strategy can be modified by not only the payoff-based strategy updating but also mutation. Mutation occurs with the probability of µ, and when it does, agents adopt one strategy randomly. Our interest is in understanding the manner in which the mutation rate (µ) affects the evolutionary outcomes.
Results
In our investigation of evolutionary outcomes, we conducted Monte Carlo simulation. Simulation runs first continued for 10 4 periods, and we subsequently sampled the average of the following 2000 periods. We conducted four simulation runs for each combination of parameters and reported their average values, focussing our principal interest on the proportion of co-operators in stationary states (ρ C ). We also observed ρ I C (ρ A C ), the proportion of co-operators among the agents who adopted imitation (aspiration) dynamics. In addition, we sometimes investigated the presence of nonlinear effects of heterogeneity in strategy updating rules. In this case, we examined the following quantity: [40] :
where ρ mix is the proportion of co-operators in the heterogeneous system in which 1 − p agents adopt imitation dynamics and p agents adopt aspiration dynamics. In contrast, ρ imt (ρ asp ) is the outcome with a homogeneous population where all agents adopt imitation (aspiration) dynamics. Here, we compared the results of the heterogeneous population with the weighted average of the homogeneous populations.
First, we present an overview of the basic patterns of the simulation results. Figure 1 reports the proportion of co-operators as a function of p. In many cases, the introduction of aspiration dynamics into a homogeneous population of imitators negatively affected the co-operation level. This pattern was also observed in previous literature examining imitation and innovative dynamics in a heterogeneous system. These studies attributed this trend to the destruction, by the introduction of innovative dynamics, of the cluster of co-operators that could have fostered co-operators' expansion [40, 48] . As a result of this drop, in many cases, as demonstrated in the figure, the co-operation level was lower than the weighted average of homogeneous systems (i.e., ∆ρ is negative).
In addition, overall patterns of the figure show that a high mutation rate essentially leads to lower co-operation levels. Populations with a large proportion of imitative agents were particularly vulnerable to mutation. In contrast, a relatively high co-operation level was maintained when a large proportion of the population adopted aspiration dynamics. At the same time, a combination of frequent mutation and heterogeneous dynamics could have positive nonlinear effects on co-operation. We observed concave relationships between p and ρ C (positive ∆ρ) with a high mutation rate (µ = 0.1). This pattern was particularly clear with a low aspiration level (A = 0.1).
Expanding on the simulation results, the upper (lower) panel of figure 2 reports ρ C (∆ρ) as a function of µ and b for different values of p. In this figure, the value of A is set at 0.5. First, the figure clearly shows that the prevalence of co-operators was broken by the introduction of mutation. Although we observed a large number of cooperators with a small b, the proportion of co-operators diminished as the value of µ grew. This tendency was reversed only after µ became overly large, and the system approached totally random results. In addition, the parameter regions in which co-operators could achieve a high frequency depended on the value of p. We observed a similar pattern with ∆ρ. For instance, although the results with p = 0.1 (panel (f)) show small nonlinear effects in a parameter region of the bottom-left corner, this region is reduced when p = 0.3 (panel (g)).
Second, a population occupied by a large number of adopters of aspiration dynamics is robust against mutation. Although the introduction of aspiration dynamics lowered the co-operation level (panels (a) and (b)) and had detrimental nonlinear effects (panels (f) and (g)), further increases in the numbers of agents adopting aspiration dynamics led to a higher co-operation level (panels (c)-(e)) and smaller detrimental effects of heterogeneous dynamics (panels (h)-(j)). When the number of defectors increased, more adopters of aspiration dynamics shifted to co-operation because they became unsatisfied with the low payoffs achieved by mutual defection. Consequently, a total breakdown of co-operators among agents using the aspiration-based rule was prevented.
We then varied the value of other parameters to scrutinise the observed patterns. Figure 3 reports ρ C as the functions of µ and p. The figure demonstrates the hindering of co-operation by the collaboration of heterogeneous rules and a high mutation rate. When p was less than approximately 0.2, we found that the level of p required to suppress co-operation became smaller as µ became larger, suggesting that heterogeneous dynamics and mutation collaboratively caused co-operation to deteriorate. As noted above, innovative dynamics can hinder the formation of clusters of co-operators. Mutation, by introducing defectors, can also break these clusters. Consequently, the required number of adopters of aspiration dynamics drops as µ increases. A similar collaborative impediment of co-operation was observed with a large p as well. Again, co-operation was inhibited to a smaller extent than it would in a population with large numbers of imitators.
Observing the proportion of co-operators among agents who adopt each updating rule clarifies the roles of heterogeneous dynamics and the mutation rate. Figure 4 reports ρ C , ρ A C and ρ I C as a function of p. Panel (a) shows that a mixture of heterogeneous dynamics had a larger influence on imitators (ρ I C ) although heterogeneity also lowered ρ A C . Consequently, particularly in populations with a large number of imitators, we observed a drop in ρ C (and ∆ρ) as shown in Figure 2 . When a higher mutation rate was introduced to the population (µ = 0.1), however, fast mutation alone, without the introduction of aspiration dynamics, could cause a deterioration in co-operation among imitators. Here, the relationship between p and ρ C (ρ A C , ρ I C ) approached a linear one, and ∆ρ approached zero. The results of the simulation thus far showed mainly that (the combination of) heterogeneous dynamics and mutation diminished the co-operation level. We then examined the system with other values of parameters to investigate whether we would observe a different pattern. Figure 5 reports the same results as Figure 2 , with a different aspiration level (A = 0.1). Although overall patterns are similar to those of the results with A = 0.5, the figure also shows a different pattern: mutation can often greatly enhance co-operation relative to homogeneous populations. The bottom panels of Figure 5 show that the values of ∆ρ were often larger than 0.1. This result was not observed in Figure 2 , suggesting that differences in aspiration levels led to differences in behavior.
The positive ∆ρ with lower aspiration levels could be accounted for by the fact that adopters of aspiration dy- . 3 The proportion of co-operators as a function of the mutation rate (µ) and the proportion of the adopters of aspiration dynamics (p). A collaboration between mutation and heterogeneous dynamics lowered the co-operation level. This tendency was prominent among populations with a large number of imitators. Fixed parameters: L = 100, β = 10, b = 1.05, A = 0.5.
namics will stably choose the same strategy despite the small payoff. Low aspiration induces agents to be satisfied with a small payoff, providing them with little motivation to change their behaviour. Introduced adopters of aspiration dynamics can remain co-operative even when the mutation frequency is high enough (or the temptation to defect is large enough) to cause total deterioration of the co-operation level among imitators. In addition, adopters of aspiration dynamics can function as stably co-operative neighbours enhancing co-operation among imitators. Although a high aspiration level induces agents 4 The proportion of co-operators as a function of the proportion of agents adopting aspiration dynamics (p). Heterogeneous dynamics had larger effects on imitators. A higher frequency of mutation alone caused co-operation among imitators to deteriorate, and the relationship between p and ρ C became linear. Fixed parameters: L = 100, β = 10, b = 1.02, A = 0.5.
to choose co-operation with probability about 0.5, the frequent strategy switching prevents the aspiration dynamics from supporting co-operative imitators. Figure 6 reports ρ C , ρ A C and ρ I C as a function of p to corroborate this intuition. As both panels of the figure show, a high mutation rate led to severe deterioration of co-operation in a homogeneous population of imitators (p = 0). In contrast, among the adopters of aspiration dynamics introduced into the population, co-operation was robustly maintained. Here, the introduction of agents who adopted the aspiration-based rule also supported cooperation among imitators. We observed a significant Last, using other values of A, we examined how cooperation depends on the aspiration level. Figure 7 shows ∆ρ as a function of p for different values of A (µ is set at 0.1). The figure shows that the introduction of aspiration dynamics had a positive nonlinear effect, which further depended on the aspiration level, and co-operation was greatly enhanced with A = 0.02 and A = 0.3. In partic- ular, when a large majority of the population comprised imitators (small p), lower values of A led to the large enhancement of co-operation, which is in line with our argument above. The qualitative pattern was similar with different sizes of the temptation to defect.
Discussion
We conducted Monte Carlo simulations to examine the role of innovation in social dilemma by paying attention to the mutation rate and heterogeneous strategy updating rules. Our simulation results demonstrate that in combination with heterogeneous updating rules, mutation causes a deterioration in co-operation if the mutation rate is not overly large. This detrimental effect is prominent if a majority of the population comprises imitators rather than adopters of aspiration dynamics. Consequently, heterogeneous populations achieve lower co-operation levels than the weighted average of homogeneous populations. However, frequent mutation and heterogeneous dynamics sometimes foster co-operation relative to the average results of homogeneous systems. When co-operation among imitators is destroyed by a high mutation rate, the introduction of aspiration dynamics has positive nonlinear effects on co-operation. This effect is prominent when the introduced agents have low aspiration levels. Although our study contributes to an understanding of the role of innovation by examining the effects of updating rules and mutation rates, there is room for further investigation. Considering other updating rulessuch as Glauber dynamics and conformity-is an obvious line of further research. Even among payoff-based copying rules, various types of updating rules may be considered [56] . Our understanding concerning the emergence of co-operation will be enriched by investigation into the combination of these rules and their vulnerability to mutation. Another possible extension is the coevolution of updating rules. Here, the proportion of each rule-updating strategy is not fixed; it can co-evolve with strategy on the basis of the fitness of each rule. The coevolutionary mechanism also leads to the expansion and shrinking of the parameter region where co-operation is sustained [41, 48, [57] [58] [59] . Understanding the manner in which mutation affects this co-evolutionary process is an interesting topic for future research-one that may help us understand why some updating rules are adopted by actual agents, including humans. Furthermore, the application of the framework of this paper and related literature will ultimately contribute to an understanding of other types of moral behavior beyond co-operation [60] [61] [62] [63] .
